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Background: A novel coronavirus (CoV) was recently 
identified as the agent for severe acute respiratory 
syndrome (SARS). We compared the abilities of conven- 
tional and real-time reverse transcription-PCR (RT- 
PCR) assays to detect SARS CoV in clinical specimens. 
Methods: RNA samples isolated from nasopharyngeal 
aspirate (NPA; n = 170) and stool (n = 44) were reverse- 
transcribed and tested by our in-house conventional 
RT-PCR assay. We selected 98 NPA and 37 stool samples 
collected at different times after the onset of disease and 
tested them in a real-time quantitative RT-PCR specific 
for the open reading frame (ORF) 1b region of SARS 
CoV. Detection rates for the conventional and real-time 
quantitative RT-PCR assays were compared. To investi- 
gate the nature of viral RNA molecules in these clinical 
samples, we determined copy numbers of ORF 1b and 
nucleocapsid (N) gene sequences of SARS CoV. 
Results: The quantitative real-time RT-PCR assay was 
more sensitive than the conventional RT-PCR assay for 
detecting SARS CoV in samples collected early in the 
course of the disease. Real-time assays targeted at the 
ORF 1b region and the N gene revealed that copy 
numbers of ORF 1b and N gene sequences in clinical 
samples were similar. 

Conclusions: NPA and stool samples can be used for 
early diagnosis of SARS. The real-time quantitative 
RT-PCR assay for SARS CoV is potentially useful for 
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early detection of SARS CoV. Our results suggest that 
genomic RNA is the predominant viral RNA species in 
clinical samples. 

© 2004 American Association for Clinical Chemistry 


Severe acute respiratory syndrome (SARS)° is an emerg- 
ing disease that has affected many countries (1). This 
disease was first recognized in Guangdong Province, 
China, in November 2002. Subsequent to its introduction 
to Hong Kong in mid-February 2003, the virus spread 
across five continents. By May 17, 2003, a cumulative total 
of 8464 cases and 799 deaths had been reported from 31 
countries (2). A novel coronavirus (SARS CoV), which is 
genetically related distantly to other groups of coronavi- 
ruses, was isolated from SARS patients by us (3) and 
others (4,5). Seropositivity to SARS CoV has been ob- 
served in the majority of SARS patients (3, 6). By contrast, 
none of the patients with other respiratory diseases and 
healthy blood donors have had detectable antibodies 
(3, 6). Furthermore, experimental infection of cynomolgus 
macaques (Macaca fascicularis) confirmed the hypothesis 
that this newly discovered SARS CoV is the etiologic 
agent of this disease (7). Thus, the development and 
validation of a rapid noninvasive laboratory diagnostic 
test for this virus is an urgent clinical need for better 
management and control of this disease. 

Currently, there are two diagnostic options for the 
laboratory diagnosis of SARS. The first is based on detect- 
ing antibodies against SARS CoV after infection (3). More 
than 93% of SARS patients were reported to have sero- 
converted by day 28 after disease onset (6). However, this 


° Nonstandard abbreviations: SARS, severe acute respiratory syndrome; 
CoV, coronavirus; RT-PCR, reverse transcription-PCR; NPA, nasopharyngeal 
aspirate; ORF, open reading frame; and Ct, threshold cycle. 
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is a retrospective diagnosis and is less useful for clinical 
management. The second option for SARS diagnosis is the 
detection of SARS CoV RNA in clinical specimens (3- 
6,8). SARS CoV RNA was reported to be detected in 
SARS patients before seroconversion (8). Thus, reverse 
transcription-PCR (RT-PCR) assays may be a better tool 
for the early diagnosis of SARS. Rapid identification of 
SARS patients allows prompt and appropriate clinical 
management, isolation, and quarantine, thereby minimiz- 
ing the risk of cross-infection in hospitals or in the local 
community (9). 

Recently, we and others have reported the use of 
conventional and real-time RT-PCR assays for SARS CoV 
detection (3-6, 8). These assays, however, were evaluated 
on only a limited number of clinical samples. Previously, 
we demonstrated that the viral load of SARS CoV in SARS 
patients peaks at the second week of the disease (6). Here 
we focus on samples collected within the first 10 days of 
disease. Using a conventional RT-PCR assay, we deter- 
mined the detection rates of the SARS CoV within the first 
10 days after disease onset. In addition, real-time quanti- 
tative RT-PCR assays were developed to increase the 
detection rate of SARS CoV in these clinical specimens. 
We also determined the nature of the SARS CoV RNA 
species in these clinical samples. 


Materials and Methods 

PATIENTS AND SAMPLE COLLECTION 

Specimens from clinically confirmed SARS patients ful- 
filling the WHO case definition (10) admitted to three 
regional hospitals in Hong Kong between February 26, 
2003, and April 7, 2003, were studied. Nasopharyngeal 
aspirate (NPA) and stool specimens were collected as 
described previously (8). Using our previously published 
serologic test (6), we confirmed that all of these patients 
were seropositive for SARS CoV. NPA and stool samples 
from patients with unrelated diseases were recruited as 
controls. 


RNA EXTRACTION AND REVERSE TRANSCRIPTION 

RNA from 140 wL of the clinical sample was extracted by 
use of the QlAamp virus RNA mini reagent set (Qiagen) 
as instructed by the manufacturer. Extracted RNA was 
eluted in 50 wL of RNase-free water and stored at —20 °C. 
Complementary DNA was generated as described previ- 
ously (8). Briefly, 10 wL of eluted RNA samples was 
reverse-transcribed by 200 U of Superscript II reverse 
transcriptase (Invitrogen) in a 20-wL reaction containing 
0.15 wg of random hexamers, 10 mM dithiothreitol, and 
0.5 mM deoxynucleotide triphosphates. Reactions were 
incubated at 42 °C for 50 min, followed by a heat inacti- 
vation step (72 °C for 15 min). Reverse-transcribed prod- 
ucts were stored at —20 °C. 


CONVENTIONAL PCR FOR SARS CoV 
Conventional PCR was performed as described previ- 
ously (3). 


REAL-TIME QUANTITATIVE PCR ASSAYS FOR SARS CoV 
We used published sequences (GenBank accession no. 
AY278491) to develop quantitative RT-PCR assays spe- 
cific for the open reading frame (ORF) 1b region and for 
the N gene of SARS CoV to quantify the amount of these 
viral cDNA sequences in samples. The starting material 
was CDNA from the original samples, which was ampli- 
fied by TaqMan PCR Core Reagent in a 7000 Sequence 
Detection System (Applied Biosystems). Briefly, 2 wL of 
cDNA was amplified in a 25-wL reaction containing 0.625 
U of AmpliTaq Gold polymerase (Applied Biosystems), 
2.5 wL of 10x TaqMan buffer A, 0.2 mM deoxynucleotide 
triphosphates, 5.5 mM MgCl,, 2.5 U of AmpErase UNG, 
and 1X primers—probe mixture (Assays by Design; Ap- 
plied Biosystems). For ORF 1b gene detection, the primer 
sequences were 5'-CAGAACGCTGTAGCTTCAAAAA- 
TCT-3' (corresponding to nucleotides 17718-17742 of the 
SARS CoV genome) and 5’-TCAGAACCCTGTGAT- 
GAATCAACAG-3’ (complementary to nucleotides 
17761-17785), and the probe was 5'-(FAM)TCTGCGTAG- 
GCAATCC(NFQ)-3’, where FAM is 6-carboxyfluorescein 
and NFQ is nonfluorescent quencher (complementary to 
nucleotides 17745-17760). For N gene detection, the 
primer sequences were 5’-ACCAGAATGGAGGACG- 
CAATG-3’ (corresponding to nucleotides 28202-28222) 
and 5'-GCTGTGAACCAAGACGCAGTATTAT-3’ (com- 
plementary to nucleotides 28262-28286), and the probe 
was 5’-(FAM)ACCCCAAGGTTTACCC(NFQ)-3’  (corre- 
sponding to nucleotides 28245-28260). Reactions were 
first incubated at 50 °C for 2 min, followed by 95 °C for 10 
min. Reaction were then thermal-cycled for 45 cycles 
(95 °C for 15 s, 60 °C for 1 min). Serially diluted plasmids 
containing the target sequences were used as calibrators 
in each run. 


INFECTION 

Confluent Vero cells were infected with SARS CoV at 0.1 
multiplicity of infection. Infected cells were incubated for 
60 h, and total RNA from these cells was extracted by use 
of TRIzol reagent (Invitrogen) as instructed by the man- 
ufacturer. To harvest pure genomic RNA, viruses were 
purified through a sucrose cushion by standard labora- 
tory procedures. 


STATISTICAL ANALYSIS 

The Student t-test was used for the comparison of the 
threshold cycle (ACt) values between different types of 
samples. McNemar’s test was used to compare the detec- 
tion rates of SARS CoV from different RT-PCR assays. 


Results 
DETECTION OF SARS COV IN CLINICAL SAMPLES BY A 
CONVENTIONAL RT-PCR ASSAY 
Clinical specimens collected within the first 10 days of 
disease onset were studied. RNA was extracted from NPA 
(n = 170) and stool (n = 44) samples from serologically 
confirmed SARS patients. A primer pair specific for the 
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ORF 1b region of SARS CoV (3) was used for SARS CoV 
detection. Positive signals were observed in 44% of NPA 
and 57% of stool samples. 

To determine the rate of detection of SARS CoV at 
different stages of the disease, data from NPA and stool 
samples were further analyzed by subdividing these 
samples into different days of disease onset. As indicated 
in Table 1A, 10 NPA samples (26%) from early onset (days 
1-3) were positive. The detection rate increased as the 
disease progressed. At days 7-10, 32 of 53 NPA samples 
were positive in the assay (Table 1A). Similarly, the 
detection rates for SARS CoV in stool samples increased 
as the disease progressed. At days 1-3, two of eight stool 
samples were positive in the assay (Table 1A). By contrast, 
13 of 19 stool samples collected at between days 7 and 10 
after disease onset were positive (Table 1A). 


DETECTION OF ORF 1b GENE BY REAL-TIME 
QUANTITATIVE ASSAY 

The relatively low detection rate early in the disease 
prompted us to establish a more sensitive real-time quan- 
titative RT-PCR for SARS CoV detection. We first targeted 
at the ORF 1b region of the SARS CoV genomic RNA 
(11,12). As shown in Fig. 1A, the assay had a dynamic 
range from 10° to at least 10 copies per reaction, and the 
water control was negative in the assay. To evaluate the 
specificity of the assay, NPA samples from 19 healthy 
individuals and from patients with adenovirus (n = 10), 


Table 1. Detection of SARS CoV by conventional and 
real-time quantitative RT-PCR assays. 


A. Conventional RT-PCR assay. 


No. of positive samples 


Days after onset No. of samples in conventional RT-PCR 


NPA 
1-3 39 10 
4-6 78 32 
7-10 53 32 
Stool 
1-3 8 2 
4-6 17 10 
7-10 19 13 


B. Conventional and real-time quantitative RT-PCR assays. 
No. of positive samples 


No. of Conventional Quantitative 
Days after onset samples RT-PCR RT-PCR 

NPA? 

1-3 32 10 16 

4-6 35 9 11 

7-10 3 14 16 
Stool 

1-3 6 2 4 

4-6 15 10 12 

7-10 16 10 10 


* The overall detection rate of the quantitative RT-PCR assay is statistically 
different from that of the conventional RT-PCR assay (McNemar test, P <0.01; 
95% confidence interval, 4.2-16.2%). 
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Fig. 1. Real-time quantitative RT-PCR assays for SARS CoV. 


(A), calibration curve for quantitative analysis of ORF 1b gene of SARS CoV. (B), 
calibration curve for quantitative analysis of N gene of SARS CoV. The Ct is the 
number of PCR cycles required for the fluorescence intensity of the reaction to 
reach a predefined threshold. The Ct is inversely proportional to the logarithm of 
the starting concentration of plasmid DNA. Equations for the regression lines and 
correlation coefficients are indicated. 


respiratory syncytial virus (n = 9), human metapneumo- 
virus (n = 9), and influenza A virus (n = 10) infection 
were tested in the assay; no positive signals were ob- 
served among these control samples. 

Because of the limited availability of clinical samples, 
we could not afford to test all available NPA (n = 170) and 
stool samples (n = 44). In total, 98 NPA and 36 stool 
samples, which were previously tested by the above 
conventional RT-PCR assay, were randomly selected for 
the quantitative RT-PCR analysis. At days 1-3, the quan- 
titative RT-PCR assay was able to detect SARS CoV in 
one-half of NPA samples and two-thirds of stool samples 
(Table 1B). By contrast, only approximately one-third of 
these samples were positive in the conventional assay 
(Table 1B, days 1-3). At days 7-10, the detection rates of 
the quantitative assay became comparable to those for the 
conventional RT-PCR assay. These results indicated that 
the real-time quantitative assay is a better diagnostic 
method for early SARS diagnosis. 

Using this quantitative assay, we also determined the 
amount of ORF 1b cDNA in these specimens. Serially 
diluted plasmid DNA containing the target regions was 
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used to generate a calibration curve to estimate the copy 
number of target gene in cDNA samples. As shown in Fig. 
2, the progression of SARS within the first 10 days was 
reflected in the increased viral loads in the NPA and stool 
samples. 


DETECTION OF N GENE BY REAL-TIME QUANTITATIVE 
ASSAY 

In infected cells, coronaviruses are known to generate 
subgenomic mRNA for the synthesis of structural viral 
protein by discontinuous transcription (13). Because of 
the genomic organization of SARS CoV, all polycistronic 
viral mRNA molecules contain the SARS N gene (11, 12). 
Thus, by targeting the N gene sequence, we might gener- 
ate a more sensitive assay for SARS diagnosis. To address 
this question, we developed a quantitative RT-PCR assay 
specific for the N gene of SARS CoV (Fig. 1B). The assay 
had a dynamic range from 10° to at least 10 copies per 
reaction, and no signal was observed in water controls. 
No positive signal was observed in samples containing 
cDNA from a healthy individual (n = 19) and from 
patients with adenovirus (n = 10), respiratory syncytial 
virus (n = 9), human metapneumovirus (n = 9), or 
influenza A virus (n = 10) infections. 

Sixty-eight NPA samples that were tested by the real- 
time assay for the ORF 1b region were randomly selected 
for testing by the N gene real-time PCR assay. Interest- 
ingly, the detection rates of these two assays were very 
similar. When the detection rates of these assays were 
compared (Table 2), we observed no statistically signifi- 
cant difference (McNemar’s test, P >0.05). 

We confirmed the above findings by comparing the Ct 
value of the ORF 1b assay (Ct) and the Ct value of the N 
gene assays (Cty). Samples that were positive in both 
assays were used for the analysis. We first determined the 
difference between the Ct, and Ct, from the same 
sample (i.e., ACt = Ct), — Cty). If the N gene assay was 
more sensitive than the ORF 1b assay, one would expect 
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Fig. 2. Change of SARS CoV viral load in samples collected at different 
days after onset. 
The upper and lower limits of the boxes and the lines across the boxes indicate 
the 75th and 25th percentiles and the median, respectively. The upper and lower 
horizontal bars indicate the 90th and 10th percentiles, respectively. LJ], NPA 
samples; [, stool samples. 


Table 2. Detection rates of SARS-CoV in real-time 
quantitative RT-PCR assays. 


Assay for the ORF 1b 
sequence of SARS CoV 


Positive Negative Total 

Assay for the N gene of SARS CoV 18 3 21 
Positive 

Negative al: 46 47 

Total 19 49 68 


that the ACt of a sample would be much greater than the 
ACtyaiibrator. We first tested this hypothesis using RNA 
isolated from infected cells. Indeed, even when virus- 
infected cells were harvested at the late phase of viral 
replication (60 h postinfection), the ACt from infected cells 
was Statistically greater than the ACt.ajjp;ator (Table 3; P 
<0.02). By contrast, the ACt values for NPA samples were 
not statistically different from the ACt.ajiprator (P = 0.89). 
In addition, we also determined the ACt value for stool 
samples. Again, the ACt of stool samples was not statis- 
tically different from the ACt.ajibrator (Table 3; P = 0.64). 
Thus, the ORF 1b and the N gene quantitative assays are 
equally sensitive for SARS CoV detection in clinical 
specimens. 


NATURE OF VIRAL RNA IN CLINICAL SAMPLES 

With the data from the ACt analysis (Table 3), the overall 
results indicated that the amounts of 1b and N gene 
sequences in these samples were similar. These results 
highly suggested that genomic RNA is the predominant 
viral RNA species in these clinical samples. We tested this 
hypothesis with serially diluted cDNA samples derived 
from purified genomic RNA. Samples were subjected to 
both the ORF 1b and N gene quantitative assays, and Ct 
values obtained from these assays were used to deduce a 
linear regression line. As shown in Fig. 3, Ct values from 
NPA and stool samples correlated with the regression line 
deduced from the genomic RNA. In addition, the ACt of 
genomic RNA (ACtyenomic RNA = 0.29 + 0.40) was not 
statistically different from the ACt of NPA (P = 0.86) or 
the ACt of stool (P = 0.26). These results clearly suggest 
that genomic RNA is the predominant viral RNA species 
in these clinical samples. 


Table 3. Mean (SD) differences in Ct values between 
quantitative assays for ORF1b and N gene. 


Calibrator Infected cells NPA Stool 
(n = 14) (n = 9) (n = 18) (n = 11) 
ACt? 0.29 (1.03) 1.32 (0.67) 0.34 (0.79)° 0.14 (0.79)? 


? ACt, Ct value of a sample in the ORF 1b assay — Ct value of the same 
sample in the N gene assay. 

» ACt statistically different from that of the calibrator (Student ttest, P <0.02; 
95% confidence interval, 0.39-1.67). 

*4 ACt not statistically different from that of the calibrator (Student ttest): 
°P = 0.89; 7P = 0.64. 
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Ct value of the assay for N 


CT value of the assay for 1b 


Fig. 3. Correlation between Ct values of the RT-PCR assay for the ORF 
1b region and Ct values of the RT-PCR assay for the N gene. 


Serially diluted cDNA samples of purified viral genomic RNA were subjected to 
the ORF 1b and N gene assays, and the linear regression line was deduced from 
these Ct values is shown as a dotted line in the plot. ©, Ct values for a NPA 
sample in the assays; A, Ct values for a stool sample in the assays. 


Discussion 

Detection of SARS CoV early in the course of the disease 
is important for several reasons. The first is that the rapid 
identification of SARS CoV allows prompt patient man- 
agement and quarantine, thereby minimizing the risk of 
large outbreaks in hospitals or in local communities (9). In 
addition, early detection of this virus might allow early 
interventions to control the replication of this pathogen. 
In view of the potential use of proteinase inhibitor to 
inhibit viral replication (14), applying quantitative RT- 
PCR technologies for SARS diagnosis might provide 
valuable information for prompt clinical treatment. 

Our results demonstrated the potential use of NPA and 
stool samples for early SARS diagnosis. At days 1-3 after 
disease onset, approximately one-fourth of NPA and stool 
samples from SARS patients were positive in the conven- 
tional RT-PCR assay. The detection rates for these sam- 
ples increased as the disease progressed. Because SARS is 
a respiratory disease, the low detection rate of SARS CoV 
in stool samples early after disease onset was not surpris- 
ing. It is, however, striking that the detection rate of SARS 
CoV in NPA samples isolated during the first 3 days after 
disease onset was surprisingly low (26%). A possible 
explanation may be that the replicating site of SARS CoV 
in the early stage of the disease is restricted to the lower 
respiratory tract (15,16). Currently, for those SARS pa- 
tients who present early in the course of their disease, we 
routinely use multiple stool and NPA samples collected at 
different time points to increase the chance of detecting 
SARS CoV. 

The low detection rate of the SARS CoV at the early 
stage of the disease prompted us to develop a more 
sensitive detection assay. In this study, we focused pri- 
marily on improving the detection of SARS CoV cDNA. 
This could be achieved by use of radioactively labeled 
probes to detect PCR amplicons. However, these ap- 


proaches often require further downstream processing 
and are less practical in a routine clinical setting. There- 
fore, we established a real-time quantitative RT-PCR 
assay to target the ORF 1b region of SARS CoV. Our 
results demonstrated that early in the course of the 
disease, the real-time assay for the ORF 1b gene was more 
sensitive than the conventional RT-PCR assay (Table 1). 
However, the detection rates of the conventional and 
real-time assays became very similar as the disease pro- 
gressed. This observation could be explained by the fact 
that there was more viral RNA in specimens collected at 
later time points (Fig. 2). Thus, for most of the samples 
collected at the second week after disease onset, the 
amount of viral RNA might well be above the detection 
limits of both assays. 

Previously, we developed a SYBR Green detection 
assay for SARS diagnosis (8). Unlike the SYBR Green 
assay, the current assay could not reveal possible se- 
quence variations within target sequences. However, the 
use of addition 5’-nuclease probes in the assay can mini- 
mize false-positive results. More importantly, the work- 
ing platform used in this study could increase the 
throughput to 96 reactions per run. 

Several conventional and real-time RT-PCR assays 
have been developed for SARS CoV (3-6, 8). These as- 
says, however, mainly targeted the ORF 1b region of 
SARS CoV. Several lines of evidence (11, 12) suggested 
that the detection rate of SARS CoV might be increased by 
targeting subgenomic mRNA of SARS CoV. However, 
our results indicated that, at least in NPA and stool 
samples, there is no particular advantage of targeting the 
N gene for clinical diagnosis. On the contrary, if one 
considers the fact that polymerase genes of RNA viruses 
are genetically more stable than the other viral genes 
(17, 18), the ORF 1b region of SARS CoV might be a better 
candidate for SARS diagnosis. 

The isolation of viable SARS CoV from clinical samples 
demonstrated the presence of viral particles in clinical 
samples (19), indicating that genomic RNA exists in 
specimens. Our results further showed that genomic RNA 
might be the predominant viral RNA species in clinical 
samples. It is possible that most subgenomic mRNA that 
might present in clinical samples was unprotected and 
was rapidly degraded by endogenous RNases. By con- 
trast, encapsulated genomic viral RNA was protected by 
viral particles from degradation. 


In summary, we determined the detection rate of SARS 
CoV in NPA and stool samples from SARS patients. We 
also developed two real-time quantitative assays for the 
ORF 1b and N gene sequences of this pathogen. Our 
results showed that real-time assays for SARS CoV were 
particularly useful for early SARS diagnosis. Results from 
this study also indicated that SARS CoV RNA molecules 
in NPA and stool samples might be of genomic RNA 
origin. These results take us closer to the goal of prompt 
identification of SARS CoV in clinical specimens early in 
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the disease, thereby leading to better control and clinical 
management of this disease. 


We acknowledge research funding from Public Health 
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(Grant GR067072/D/02/Z), The Research Grant Council 
of Hong Kong (HKU 7543/03M), The University of Hong 
Kong, and the Hospital Authority of Hong Kong SAR. 


Note Added in Proof: We recently demonstrated that 
with an optimized RNA extraction protocol, 80% of NPA 
samples collected at days 1-3 after disease onset were 
positive in the real-time quantitative RT-PCR assay (J Clin 
Virol 2003;28:233-8). 
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